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We calculate electronic structures of a high-T c iron-based superconductor Sr2VFeAs03 by LDA+£7 
method. We assume a checker- board antiferromagnetic order on blocking layers including vanadium 
and strong correlation in d-orbits of vanadium through the Hubbard U. While the standard LDA 
brings about metallic blocking layers and complicated Fermi surface as in the previous literatures, 
our calculation changes the blocking layer into insulating one and the Fermi surface becomes quite 
similar to those of other iron-based superconductors. Moreover, the appearance of the insulating 
blocking layers predicts high anisotropy on quasi-particle transports and new types of intrinsic 
Josephson effects. 

PACS numbers: 74.25.Jb, 74.70.-b, 71.15.Mb 



Since the discovery of high-T c superconductivity in 
LaFeAsOi-^F^ its various family members have been 
piled up on the materials table of iron-based supercon- 
ductors. The materials variety is characterized by their 
crystal structures and often classified by the number- 
ing scheme, such as "1111" (e.g., LaFeAsOi-^F^), "122" 
(e.g., Bai-^K^FesAss 0), "111" (e.g., LiFeAs [3]), and 
"11" (e.g., FeSe [4(). They have quasi- two-dimensional 
FeAs layers commonly, while a main difference among 
them comes from the non-superconducting blocking lay- 
ers between the FeAs layers. The density functional 
theory with local density approximation (LDA) has pre- 
dicted a common electronic structure, i.e., multiple cylin- 
drical Fermi surfaces consisting of hole pockets around 
the Brillouin zone center and electron ones around the 
zone corners. Some experiments, e.g., ARPES's have ac- 
tually confirmed such an electronic structure [5|. In this 
case, a strong candidate of the glue of their superconduct- 
ing pairs has been regarded to be a spin fluctuation due 
to the nesting between those Fermi pockets [6], though 
it still remains unsettled. 

Recently, a new family who has a thick perovskite-type 
blocking layer has been discovered [7] and a controver- 
sial debate about the pairing mechanism has arisen [8|- 
Hq| . These materials include non-iron transition- metal 
elements in their thick blocking layers, and the elec- 
tronic structures can be relatively more complex than 
the other types, if 3d orbitals on the transition met- 
als hybridize with Fe d-orbitals. Such hybridization can 
clearly break the typical stage composed of disconnected 
small hole and electron pockets. S^VFeAsOa is one 
of such perovskite-type iron-based superconductors, who 
exhibits the highest T c ~ 37K in this family [11]. Ini- 
tially, standard LDA calculations revealed much different 
and more complex structures due to the hybridization 
of the 3d orbitals of vanadium. Thus, the LDA result 
gave rise to the following two interpretations. Some re- 



ports suggested that the pairing is not originated from 
the nested Fermi surfaces [8], while the nesting feature 
is still alive even in such a complex structure [9[. Thus, 
Sr2VFeAs03 can be regarded as a key material to check 
whether the typical Fermi-surface structure is essential 
for high-T c superconductivity. Therefore, we examine 
whether the electronic structure of S^VFeAsOs is re- 
ally different from the typical one in "conventional" iron- 
based superconductors. 

Vanadium oxide is well known to be a strongly corre- 
lated system. For instance, V2O3 exhibits a phase tran- 
sition into a Mott insulator at a certain temperature, 
though standard LDA calculations predict its metallic 
features [12j. On the other hand, the calculations con- 
sidering the strong correlation such as LDA+Z7 [12| and 
LDA+DMFT [13] succeeded in reproducing the Mott in- 
sulating state. The nominal valence of V in V2O3 is triva- 
lent, and V in S^VFeAsOs is naively estimated to be 
also trivalent from the charge valence. This implies that 
the perovskite-layer including vanadium oxide becomes 
insulating and then the Fermi surfaces are not influenced 
by vanadium electrons. In this letter, we explore the 
electronic structures of S^VFeAsOs by considering the 
correlation on 3d vanadium electrons. For this purpose, 
we use LDA+L 7 " method for ^-electrons of vanadium. As 
a result, we find that the calculated electronic structure 
becomes equivalent to those of other iron-based supercon- 
ductors as expected above, by assuming a checker-board 
antiferromagnetic (AFM) order on vanadium layer. In 
this case, highly anisotropic electronic structures are also 
obtained in contrast to the standard calculation results. 

The crystal structure of the present target material, 
Sr2VFeAs03 is tetragonal, and the space group of the 
crystal structure is PA/nmm as shown in Fig. [U Such 
a structure is characteristic to the perovskite-type iron- 
based superconductors but in contrast to most of other 
family materials whose mother compounds without dop- 
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FIG. 1: Crystal structure of Sr 2 VFeAs0 3 . The right panel 
displays each two-dimensional layer seen from c-axis. The 
black small arrows on each V layer denote spin directions 
in the assumed checker-board antiferromagnetic order. The 
small squares in the right panel stand for original unit cell 
(space group: PA/nmm). Thick lines denotes the extended 
unit cell for checker- AFM. 



ing undertake the structural transition into the orthog- 
onal one. This non-doped high-T c superconductor with- 
out the orthogonal transition is relatively convenient for 
first-principles studies because we do not need to care 
any doping effect. 

We consider strong correlation on vanadium d-orbital 
electrons. This is the first trial for the present com- 
pound. We point out that it is only a way to repro- 
duce some experimental results consistently. In order to 
include the strong correlation effect, we use LDA + U 
method, in which the Hubbard U is applied only on the 
vanadium d-electrons. In our LDA + U calculation, we 
expect a checker- AFM order on the vanadium layer as 
a natural consequence of significantly large U. Then, 
the unit cell is extended to y/2a x \J~2a in ab plane (see 
Fig. [1]). As a result, the Brillouin zone is folded and the 
zone corner called M-point coincides with the zone cen- 
ter (r-point). In the calculation unit cell, there are two 
vanadium- layers where checker- AFM orders are arranged 
as described in Fig.l. The magnetic order is equivalent 
to the observed one in S^CrFeAsOs [14[, which does not 
exhibit superconductivity at all. The difference between 
these materials is an interesting issue, which will be dis- 
cussed elsewhere. On the other hand, we do not set any 
magnetic order for the iron layers except for a case to 
compare the total energy. The calculation package em- 
ployed throughout this paper is VASP [15|, LL6| that sup- 
ports LDA+U method [17j, in which we choose two pa- 
rameters, the Hubbard U and Hund's coupling J. While 
there are methods to calculate them in first-principles 



manner, e.g., the constrained RPA [l8j], we treat them 
as input parameters conventionally. Instead, we examine 
how the electronic structure is affected by various pa- 
rameter sets. We find that a combination of U = 5.5 
eV and J — 0.93 eV is the most realistic among all sets 
used in this paper. The set is close to those employed in 
successful calculations on vanadium oxides using LDA + 



U and LDA+DMFT [13|,LL9|. The lattice constants and 



internal coordinate of each atom are in accordance with 
the experimental data [Til ] . 

Figure [2] shows band dispersions and densities of states 
calculated by LDA+U method for the four parameter 
sets, (a)*7 = 0,J = 0, (b)f7 = 3 eV, J = 0.93 eV, (c) 
U = 5 eV, J = (d) U = 5.5 eV, J = 0.93 eV. In all 
sets of U and J, the checker-AFM order in vanadium 
layer is stable, and the calculated moments on vanadium 
become 1.36, 1.65, 1.86, and 1.79 \±b for the parameter 
sets (a) to (d), respectively. In U = 0, that is, a standard 
LDA calculation, the bands of spin-down (majority-spin) 
(i-electron of vanadium cross the Fermi level as shown in 
Fig.[2fa), though spin- up bands are away from the Fermi 
level. In this case, the perovskite layer is not insulating 
but half- metallic as pointed out in Ref. [lOj. As U in- 
creases, the occupied and unoccupied bands of vanadium 
split and both of those go away from the Fermi level. For 
reasonable values, i.e., U = 5 eV and U — 5.5 eV, they 
clearly split into upper and lower Hubbard bands, and 
the blocking layer becomes insulating. 

The Fermi surfaces for the set of U = 5.5 eV and 
J = 0.93 eV are shown in Fig. [3l The surface is formed 
by only ^-electrons of iron, since the perovskite layer 
including vanadium is not metallic any longer. In the 
figure, one finds that all Fermi surfaces are cylindrical 
around r-point and two of them are formed as hole pock- 
ets and other three as electron ones. We note that the 
present Brillouin zone is folded because of the checker- 
AFM ordering. As a consequence of the folding, the 
electron pockets seen in the zone center correspond to 
those around M-point calculated in other iron-based su- 
perconducting materials. Thus, we find that the calcu- 
lated Fermi surfaces are quite equivalent to those of other 
typical iron-based superconductors. Moreover, our folded 
result clearly shows that the nesting between those hole 
and electron pockets is well and the spin fluctuation with 
the nesting vector is expected to be strongly enhanced. 
Very recently, Nakayama et al. actually reported typical 
Fermi surfaces as predicted above by using ARPES (2o| . 
This is strong evidence that vanadium 3d electrons do 
not contribute to band structure around the Fermi level, 
i.e., the vanadium layer is insulating. 

In the case of U = 5.5 eV and J = 0.93 eV, 
we also calculate anisotropy of quasi-particle resistivity. 
Some experimental data qualitatively indicates that the 
anisotropy is quite large 21]. One of the clearest evi- 



dence is the broadening of the superconducting transition 
by the variation of the applied magnetic field, which is 
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FIG. 2: Band structure and density of states calculated by 
LDA+U for (a) U = 0, J = 0, (b) U = 3 eV, J = 0.93 
eV, (c) U = 5 eV, J = eV, and (d) U = 5.5 eV, J = 
0.93 eV. The contributions of V-d orbital spin-down, spin-up, 
and Fe-d orbitals to the band dispersions are, respectively, 
highlighted by bold-lines from the left-hand-side panel to the 
right-hand, in (a) to (d). The total and partial Fe, and partial 
V DOS's are depicted by the dotted, dashed, and solid curves, 
respectively, in the right-end panel. 



well known on highly anisotropic high-T c cuprate mate- 
rials such as E^S^CaC^Oa; (Bi-2212). The calculated 
anisotropy of the Fermi velocity, 7 P (= (Va)/( v c)) be- 
comes 1351 which is much larger than those of LaFeAsO 
(7 P = 116.8) and BaFe 2 As 2 (j p = 10.69), but rela- 
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FIG. 3: Fermi Surfaces for U = 5.5 eV and J =0.93 eV. (a) all 
Fermi surfaces. The dark and light surfaces stand for electron 
and hole pockets, respectively. The right panel shows a sliced 
Fermi surface at k z =0. (b) and (c) describe Fermi surfaces 
separately for hole and electron pockets, respectively. 



tively smaller than perovskite-type S^ScFePOs (j p = 
6.19 x 10 5 ) [22j| . The anisotropy of the penetration depth 
7a at zero temperature is ~ 37, since 7a = ^fp~ at 
zero temperature. Although the calculated anisotropy 
is relatively smaller among the family of perovskite-type 
iron-based superconductors, it is still much larger than 
other families. Compared to those of high-T c cuprate 
superconductors, the anisotropy 7a ~ 30 is larger than 
YBa2Cu307_ ;E and comparable to La2- x Sr cc Cu04 but 
smaller than Bi-2212. The value is fully over the lower 
bound anisotropy, in which intrinsic Josephson effects are 
observable. In fact, since intrinsic Josephson effects have 
been confirmed in 1111 systems [23| whose 7a ~ 10 ac- 
cording to our first-principles calculations, the expecta- 
tion is reasonable. Thus, intrinsic Josephson effects are 
promised. Moreover, we can predict some new effects 
originated from its multi-band superconducting gaps in 
the intrinsic Josephson junction systems. Some litera- 
tures report a new excitation called Josephson-Leggett 
mode in addition to the Josephson plasma due to multi- 
tunneling channels [24], and the others predict new type 
of Josephson effects originated from the multi-degree of 
freedom of the superconducting phases [25]. At the 
present, Bi-2212 is intensively investigated to promote 
the functionality as THz wave radiation source. The sin- 
gle crystal of S^VFeAsOs may work as multi-THz wave 
generators due to its multiple excitation modes. 

Finally, let us discuss stability of the present checker- 
AFM state and mention the related issues. First, we 
compare the total energy of the checker- AFM magnetic 
state with that of non- magnetic one. The both are cal- 
culated by LDA+U with the parameter set, U = 5.5 eV 
and J = 0.93 eV. In our calculation, the total energy per 
formula of the non-magnetic state is 2 eV larger than 
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that of the checker- AFM state. This result clearly in- 
dicates that the checker- AFM state is more stable than 
non-magnetic one under the application of the Hubbard 
U on the vanadium ^-electrons. Very recently, Tatem- 
atsu et al., reported that a magnetic transition occurs 
around 150K at the vanadium layers by NMR measure- 
ment [26] . Although the transition is not yet proved to be 
the checker- AFM ordering, it can be ascribed to a mag- 
netic ordering at vanadium layer at least. Otherwise, the 
transition is attributed to Fe stripe ordering but such or- 
dering drastically changes the Fermi surfaces, which is 
not consistent with ARPES measurement [20]. On the 
other hand, we have another interesting calculation re- 
sult, in which the total energy of Fe-stripe AFM together 
with the checker- AFM of vanadium is 0.2 eV smaller than 
that of non-magnetic Fe with the checker- AFM of vana- 
dium. Then, the calculated Fe magnetic moment is 2.1 
jiB-, which is comparable to those calculated in most of 
mother compounds of iron-based superconductors. It is 
well known that LDA calculations always predict that the 
stripe- AFM state with Fe moment ~ 2/hb is stable even in 
the superconducting doping range. This result indicates 
that the stripe- AFM instability on the iron-layer strongly 
works even in S^VFeAsOa similar to other compounds. 
Such an agreement is not an accident but a clear evidence 
for the magnetic instability on Fe layers common to all 
families of iron-based superconductors. 

In conclusions, we calculate the electronic structure of 
Sr2VFeAs03 using LDA+/7 scheme under an assump- 
tion of the checker- AFM ordering on vanadium- layers. 
A reasonable choice of the parameter U and J leads 
to the insulating blocking layer and typical cylindri- 
cal Fermi surface structures. In addition, our results 
predict high anisotropy as observed in recent experi- 
ments. Consequently, we conclude that the electronic 
structures are quite equivalent to those of other iron- 
based superconductors and the similar magnetic insta- 
bility may contribute to the pairing. Furthermore, the 
high- anisotropy in superconducting transport properties 
predicts new types of intrinsic Josephson effects originat- 
ing from the multi-band superconductivity. The present 
result can settle down the controversial problem for the 
pairing mechanism and suggests a new application pos- 
sibility. 
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